ABSTRACT Myosin-VI is a dimeric isoform of unconventional myosins. Single molecule experiments indicate that myosin-VI and myosin-V are processive molecular motors, but travel toward opposite ends of filamentous actin. Structural studies show several differences between myosin-V and VI, including a significant difference in the light-chain domain connecting the motor domains. Combining the measured kinetics of myosin-VI with the elasticity of the light chains, and the helical structure of F-actin, we compare and contrast the motility of myosin-VI with myosin-V. We show that the elastic properties of the light-chain domain control the stepping behavior of these motors. Simple models incorporating the motor elastic energy can quantitatively capture most of the observed data. Implications of our result for other processive motors are discussed.
INTRODUCTION
Besides muscle contraction, various isoforms of myosin are involved in cytoskeleton rearrangement, adhesion regulation, transport, and stereocilia repositioning (1) (2) (3) (4) . Singlemolecule experiments show that myosin-V and myosin-VI are dimeric molecular motors that travel processively on actin filaments (1, (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Several lines of evidence suggest that these motors move via a hand-over-hand mechanism where the motor domains take regular steps of ;30-36 nm (5-8,10-17). However, there are several differences between myosin-V and VI. While myosin-V processively travels toward the plus (barbed) end of F-actin, myosin-VI travels toward the minus (pointed) end (17) (18) (19) (20) (21) . The step-size distribution of myosin-VI is also broader than myosin-V, indicating that myosin-VI takes irregular steps (10) . In this article, we compare and contrast the biophysical properties of myosin-V and -VI using a unified mechanochemical model. We show that the elasticity of the light-chain domain and the helical geometry of the actin binding sites ultimately determine the preferred step size. Using a simplified kinetic scheme based on an earlier model of myosin-V (22) , and a worm-like-chain (WLC) model for the light-chain domain, we compute the force-velocity relationship and the step-size distributions of myosin-VI. Implications of our result for other processive molecular motors are discussed.
Atomic structures of myosin-V and -VI monomers have been solved (19, (23) (24) (25) (26) . The monomers contain a head (motor) domain, a converter, and a light-chain domain.
Comparing the x-ray structures shows that there are three major structural differences distinguishing myosin-VI from myosin-V. First, there is an insert (;50 residues) in the converter domain of myosin-VI, which reverses the swinging motion of the light-chain domain (1, 3, 4, 13, 18, 19, 27) .
Second, there is only one calmodulin-binding IQ motif in the light-chain domain of myosin-VI (1, 3, 4, 19) , instead of six in myosin-V (9, (27) (28) (29) , although the converter domain binds calmodulin as well (30) . Third, the IQ motif is followed by a proximal tail region (;83 residues) which appears to be an unfolded coiled-coil (10, 11) . In this article, we shall refer to the IQ motif and the proximal tail region combined as the light-chain domain of myosin-VI. Rock et al. (10, 11) extensively examined the proximal tail region and concluded that it is flexible, and allows the motor domains to extend much further than a closed coiled-coil. Rock et al. (10, 11) proposed that the light-chain domain acts as a soft spring, thus allowing the binding of 30-36 nm actin sites. These structural studies form the basis of the present model and ultimately explain the step-size distribution of myosin-VI.
Modeling of dimeric myosins largely followed two methodologies. Method One models the processive movement as a sequence of reactions characterized by reaction rate constants (13, 31) . To explain experimental data, fitting of rate constants is usually required. Method Two models the energetic landscape of the dimeric motor and use experimental kinetic data for the monomers to parameterize the model (22, 32) . Approximate structures of the motors are incorporated. Emphasis is placed on how the elastic energy of the motor complex modifies the rate constants. Regular steps and substeps are outcomes of the model (22) . With the additional assumption that ADP release is gated by external force, the hand-over-hand mechanism emerges. Experiments on myosin monomers have shown that ADP release is indeed affected by load forces (6, 9, (33) (34) (35) , although there is some controversy regarding which motor domain is rate-limited. Recently, we used Method Two to model the movement of myosin-V (22) . This article follows the same methodology, but a slightly simpler kinetic scheme is used. Three-dimensional geometry of the motor binding sites and the elastic properties of the light-chain domains are incorporated. The computational results explain the broad step-size distributions of myosin-VI and the observed dwell times (13) .
The general framework presented here is also applicable to other dimeric motors such as kinesin and dynein although the detailed parameterization depends on the biophysical properties of those molecules. Thus, the presentation focuses on the general framework first; the specific parameters are given in the Appendix.
METHODS
Motions of molecular motors can be understood within an energy landscape framework where the motor energy depends at least on two variables, E(j, s). The value j denotes the conformational variable: it describes the movement of protein structure as it responds to thermal fluctuations or other external forces. The value s denotes the chemical state of the proteins: it describes whether the motor domains are bound to actin and the nucleotide occupancy of the catalytic sites. Each motor domain can be in any of 10 possible states: the F-actin bound states are A.M.E, A.M.T*, A.M.T, A.M.DP, and A.M.D; the actin-free states are M.E, M.T*, M.T, M.DP, and M.D (36) (37) (38) . Therefore, the total number of chemical states of the dimer is 100. For dimeric motors, j should reveal any possible structural asymmetry in the dimer. For the present treatment, we use four variables: j ¼ (u 1 , f 1 , u 2 , f 2 ), labeling the directions of the light chain in motors 1 and 2, respectively (see Fig. 1 ).
Experiments have not measured the myosin motor energy as a function of the conformational variables. However, a simple model can capture most of the important features of myosin-V and -VI. We write the dimer energy as
Here E 0 (u i , f i , s i ) is the monomer energy as a function of its conformation. This energy depends on the chemical state of the monomer, s i , and contains information about the magnitude and direction of the power-stroke. The value E l is the elastic energy of the light-chain domain linking the two motor domains. Since it is an elastic energy, it is not a function of the motor chemical states. However, it does depend on the forces coming from the motor monomers. More precisely, the motor domains provide boundary conditions, (u 1 , f 1 , u 2 , f 2 ), on the possible conformations of the light chains. When both motors are bound, E l also depends on the relative separation of the binding sites, z (see Fig. 1 ). When a single motor is bound, E l is only a function of the bound motor conformation. Lastly, any externally applied load force F also affects the light-chain conformation. Without performing any computations, one can see that Eq. 1 predicts an asymmetrical structure when s 1 ¼ s 2 ¼ A.M.D. In this state, both motor domains would like to have the same conformation and will tend to orient (u 1 , f 1 ) and (u 2 , f 2 ) in the same direction. However, E l resists such geometries. Solving for a global optimal which is equivalent to mechanical equilibrium will reveal that (
Transitions between the chemical states are specified by rates k si/s9 i . In principle, the transition rates are functions of the conformational variables (u i , f i ). Indeed, this dependence gives rise to gating, where one of the motor domains appears to release ADP faster than the other. Physically, gating arise from the dependence of the catalytic activity on enzyme conformation. In purified protein experiments with motor monomers, the measured rate constants correspond to reaction rates at monomer conformational equilibrium, (u 0 (s), f 0 (s)). In the present treatment, we do not include all the chemical states. Rather, a simplified kinetic scheme is used (see below). The simplifications do not adversely affect the results.
Given the energy landscape and the reaction rates, the dynamics of the dimer can be obtained from a Langevin equation or a Fokker-Planck equation (40) . In most situations, conformational fluctuations are much faster than changes in the chemical state such as hydrolysis and binding to actin. Therefore, the reactions are not diffusion-limited and the waiting times of conformational changes can be neglected. The Fokker-Planck equation becomes equivalent to a master equation where the rate constants are functions of the motor conformation given by the overall energy (41) . In the following subsections, we discuss the detailed specifications of the myosin-V and VI energy and rate constants. FIGURE 1 A cartoon depiction of myosin-V and myosin-VI. (A) Conformations of myosin-V can be described by (u 1 , f 1 , u 2 , f 2 , z). The light-chain domains connecting the motor domains are described by a semiflexible rod model. The joint, r 6 , is free to bend and rotate. (B) Conformations of myosin-VI are described by in a similar manner with the same variables (not shown). The proximal domains between r 2 and r 6 , and r9 2 and r 6 , are soft. They are modeled by a worm-like-chain model.
Simplified kinetic model
Our previous model of myosin-V included all 100 chemical states (22) . However, it was found that each motor goes through essentially the same cycle of chemical states (shown as the red path in Fig. 2 ), although the phases of the cycles are different. In the present treatment, we simplify the problem by considering the rigor state (A.M.E), the actin-detached state (M.DP), the actin-attached state (A.M.DP), and the post-power-stroke state (A.M.D). Thus, the total number of states is reduced to 4 2 ¼ 16. We will show that this simplification captures the dominant dynamical pathways of the motor, and can quantitatively explain the observed data.
As emphasized earlier, the transition rates between the chemical states depend on the motor conformation, k si/s9i ðu i ; f i Þ. More precisely, since the relaxation of motor conformation is rapid, rates depend on the dimer equilibrium conformation given by Eq. 1. For given occupancies of the catalytic sites, the dimer equilibrium conformations, (u i , f i ), are obtained by solving
The dimer equilibrium conformation is different from the monomer equilibrium conformation, (u 0 (s i ), f 0 (s i )). The rate constants at monomer equilibrium conformation have been measured for myosin-V and myosin-VI. As before, we use the measured data to parameterize k si/s9 i ðu i ; f i Þ. (39) . We describe the dependence by a sigmoid function constructed using a combination of tanh functions. At the middle of the sigmoid, the rate constant depends exponentially on u i . We also assume that the rate is independent of f i . The function is 
A.M.E ! M.DP
where (u9 1 ,f9 1 , u9 2 , f9 2 ) are the equilibrium conformations of the dimer after both motor domains are bound to F-actin. Before binding to actin, only one of the light chains bears the load force and E 1 is a function of (u 1 , f 1 ) only. Because this energy difference is a function of z or the distance between the bound motor domains, the binding rates to the available sites are different. This leads to preferential binding to 36-nm site for myosin-V, and 30-nm site for myosin-VI. Note that this specification of binding rate already contains the timescale associated with the diffusion of myosin monomer. This timescale is estimated by k 0 M:DP/A:M:D:Pi . The exact numerical dependence of the rate on DE is related to the energy landscape associated with this step. The form used here assumes that the transition state energy is increased by the change in elastic energy, DE. This form is also equivalent to a mean first-passage time analysis where the reaction rate is proportional to e ÿDE=k B T . Our earlier model used a general form k M:DP/A:M:DP ¼ k FIGURE 2 The simplified kinetic cycle in a myosin monomer. There are actually 10 possible chemical states. In the present treatment, this is reduced to four. In the motor dimer, both monomers can proceed through these states. The rate constants are regulated by the elastic energy, and are functions of the motor conformations.
A.M.D ! A.M.E
This step describes ADP release, which has been shown to be a sensitive function of conformation. Following our earlier model, we use a combination of tanh functions, similar to the ATP binding step,
where for myosin-VI, D 2 ¼ 0.5°and e 2 ¼ 100; for myosin-V, D 2 ¼ 15°a nd e 2 ¼ 6. At the preferred conformation u 0 (A.M.D), the rate equals to the equilibrium ADP release rate k 0 A:M:D/A:M:E . In these specifications of reaction rates, the out-of-plane angle f does not influence the rate constants. In reality, myosin-V mutants with shorter light chains process more quickly than wild-type, suggesting that f has an influence on the rate (27) . We have not considered a more complicated rate function.
The reverse reaction rates are all obtained from the detailed balance condition. Since the total energy of the dimer is known via Eq. 1, the reverse reaction rates are given by, for instance,
where (u9 1 , f9 1 , u9 2 , f9 2 ) is the equilibrium conformation for the state (s9 1 , s 2 ). Given our specifications of the forward rates, the reverse rates are unambiguously defined. We see that the overall motor energy changes (or regulates) the reaction cycle in each motor domain. This regulation introduces a phase difference in the two reaction cycles and ultimately explains motor processivity. The implementation of these rate constants in a master equation model is described in more detail in Appendix B.
Motor energy
In this section, we describe how we compute the overall elastic energy of the motor. This energy is important for obtaining the dimer equilibrium configuration for each state and the rate constants. First, the energy of the motor monomers is given by E 0 (u i , f i , s i ). A simple but sufficient way to model E 0 is using harmonic functions,
where k(s i ), k9 are the moduli of in-plane (along the actin filament) and offplane bendings. In our model, these parameters are fitted to obtain results consistent with experimental data; the numerical values are summarized in Table 1 . However, as we emphasized earlier, the flexibility of the motor domains is crucial for obtaining an asymmetrical conformation when ADP is in both motor domains. These parameters may be measured from experiments or computed from molecular dynamics simulations. The value u 0 (s i ) indicates the equilibrium conformations of the myosin monomer. Here, we assume at the equilibrium conformation, f i ¼ 0. The equilibrium conformation of the monomer is a function of its chemical state. Due to structural differences in the converter domain, the equilibrium conformations of myosin-V are also different from myosin-VI. The values we have used are given in Table 2 in the Appendix. The last constant in Eq. 7, c(s i ), is not fitted. This constant represents the energy difference between monomer equilibrium conformations and can be obtained from monomer kinetics data (36, 38) via detailed balance conditions:
The remaining energy is the elastic energy of the light-chain domain, which has different morphologies in myosin-V and myosin-VI. In myosin-V, the light-chain domain is an a-helix, decorated by six IQ motifs where calmodulins can bind. Since calmodulins protect the helix from water, the domain is expected to be folded and stable. In a separate study, it was shown that bending persistence length of an a-helix is ;100 nm (45) . With the bound calmodulins, the light-chain domain is probably stiffer. Our earlier treatment considered only in-plane bending explicitly. Here, we develop the elastic model more fully. In myosin-VI, the light-chain domain has one IQ motif but the converter domain also binds calmodulin (30) . The remaining proximal region of the light chain (;83 residues) is mostly unfolded and extended (11, 13) . Taking these structural facts into account, we use two different forms of E l .
For myosin-V, we treat the light-chain domains as two elastic rods with a completely free joint in between. The elastic energy can be written as
where l c is the light-chain contour length, v i is the i th torsion angle, and i ranges from 1 to 3. The values l p1 and l p2 are the bending persistence lengths in two principal bending directions. The value l p3 is the twist persistence length. If l p1 ¼ l p2 , then the rod is isotropic. For myosin-V, the persistence length of the light-chain domain is unknown. Here, we find that an anisotropic rod model is necessary; the values are summarized in Table 1 . Since there are six IQ motifs, we compute the light-chain energy using a discrete form of Eq. 9,
where Ds is the segment size and N-1 indicates that there are N -1 joints along the rod and N¼12. (Note that since the joint between the light-chain domains is free, l p1 for the 6th joint is zero. There is no bending or twisting energy for this joint.) For each segment, we define a local frame (e 1 (n), e 2 (n), e 3 (n)), specifying the orientation of the n th segment in three-dimensional space. The skewed symmetric rotation matrix connecting the adjacent segments is defined as R ij ðn; n 1 1Þ ¼ e i ðnÞ Á e j ðn 1 1Þ; (11) where R ij is an element of the rotation matrix R(n, n11). This allows us to define the torsional angles v i (n) using the relations Vðn; n 1 1Þ ¼ lnðRðn; n 1 1ÞÞ Ds ;
V ij ðn; n 1 1Þ ¼ + e ijk v k ðnÞ;
where e jk is the permutation symbol. The three-dimensional position of the n th segment is obtained by 
Ds e 3 ðmÞ:
If there is an external force applied at the joint between the light-chain domains, then the energy becomes
We assume F is parallel to F-actin, although any F can be modeled. Given the elastic constants (l pi ), the light-chain energy is a function of its boundary conditions. The boundary conditions are determined by the orientation of the first segment and last segment, (u 1 , f 1 , u 2 , f 2 ) , and the location of the second motor domain with respect to the first one. We treat the actin filament as a helical rod, and there is a one-to-one mapping between the interhead distance z and the location of the binding sites. Details of this relationship are given in Appendix B.
For myosin-VI, the elastic energy of the IQ motifs can be modeled in the same way as Eq. 9, except that the contour length is much shorter. In between the IQ motifs is the soft proximal tail region. We model the total elastic energy of the light-chain region as
where the first term is the elastic energy in the first and last set of IQ motifs.
Since there are two calmodulins in each light-chain domain, there are two joints, described by torsion angles v i and v9 i . The remaining part is the proximal tail energies, E t and E9 t , which are given by a WLC description.
Since the position of the IQ motifs are known, we define x ¼ jr 2 -r 6 j, where r 2 and r 6 are the end of the IQ motif and the joint between the domains (see Fig. 1 ). The value x is the end-to-end distance of the WLC. The elastic energy of one of the segment of the proximal tail is then
where f(s) is the worm-like chain force-extension curve,
where l and a are the overall contour length and the persistence length of the proximal tail, respectively (42) (43) (44) . The energy of the other segment of the proximal tail, E9 t , has a similar form, except the end-to-end distance is defined as x ¼ jr9 2 -r 6 j. Note that E t is essentially a quadratic function of extension, x. Again, an external load will add a term to the overall energy in the same fashion as Eq. 15. The light-chain energy and the positions of r 2 , r9 2 , and r 6 are obtained by force balance (mechanical equilibrium). The light-chain energy again depends on the boundary conditions and interhead separation, and applied force (u 1 , f 1 , u 2 , f 2 , z, F). Having computed the light-chain energy and the total energy, the equilibrium conformations of the dimer can be computed by minimizing the total energy via Eq. 2. This allows us to define rate constants and their dependences on external forces and z.
RESULTS

Motor energy and conformation as a function of binding site
Binding of the free motor domain in our model occurs at (A.M.D, M.DP) / (A.M.D, A.M.DP). The rate constant for this step determines the step size, and the rate constant is regulated by the DE, given in Eq. 4. Fig. 3 shows DE as function of binding site for myosin-V and -VI under different load force conditions. Since there are approximately two possible binding sites for each z, we show the lower energy binding site only. For myosin-V, there is a low energy conformation at the 13th binding site (z ; 36 nm) and a local minimum at theÿ13th binding site (z ;ÿ36 nm). This implies that the binding rate to F-actin is fastest for z ¼ 36 nm. For myosin-VI, there is a much shallower well at z ¼ 30 nm, corresponding to the 12th site. Therefore, the probabilities of binding to 25 nm and 36 nm are comparable to binding to This implies that the forward 36-nm step is preferred. The ÿ36 nm step is also possible, and becomes almost equally probable as the 36-nm step when F ¼ 2 pN. (B) Myosin-VI has a softer connection between motor domains and therefore DE shows a smaller variation. The 31-nm step is the preferred binding site. The valueÿ10 nm is the preferred backward step. When the load force is 2 pN, the preferred binding site shifts slightly to 25 nm. In the inset, we show the equilibrium extension of the proximal tail region, d ¼ jr 2 -r9 2 j, as function of interhead separation. The behavior of d largely explains the low energy conformation at z ¼ 30 nm. According to our model, binding sites at 65 nm and 610 nm are also low in energy and therefore small steps in these sites are possible.
z ¼ 30 nm. However, backward binding to z ¼ÿ30 disappears and the lowest energy backward site is z ¼ 10 nm. This ensures that the net movement direction of myosin-VI is forward. The observed behavior of DE for myosin-VI can be explained by the helical structure of F-actin. The extension between the IQ motifs, jr 2 -r 2 j, is not a linear function of z. This is shown in the inset in Fig. 3 b. Even though the 30-nm binding site is quite far in z, binding sites such as 24 nm and 18 nm have a longer extension.
Loading at the joint, r 6 , between the light-chain domains changes motor energy. For myosin-V, z-positions of the favorable sites remain the same as the load force is increased. However, the energies of 36 nm andÿ36 nm sites become similar, suggesting that the probabilities of binding to those sites become comparable at F ¼ 2 pN. At this load force, the dimer can step either forward or backward, leading to no net motion. The net binding rate at F ¼ 2 pN is also exponentially smaller by a factor of ;e ÿ7 . For myosin-VI, the favorable forward binding position shifts by 5 nm under load force .1.0 pN. This has been observed in experiments (13) .
An interesting feature in Fig. 3 is that 65 nm and 610 nm binding sites are also favorable binding sites. Whether this is actually occurring in experiments is controversial. Yanagida and co-workers (46) have observed 5-nm steps in myosin-V fixed to an AFM tip. Our model uses very simple descriptions of the proximal domain. For instance, for small extensions, WLC is not correct and factors such as the finite size of the chains and excluded volume come into play. Thus, the computed energies of 65 nm and 610 nm sites should be regarded as estimates.
After binding to F-actin and phosphate release, the dimer remains for a long period in the (A.M.D, A.M.D) state. In this state, both motor domains are waiting to release ADP. Fig. 4 shows the equilibrium conformations of the dimer, (u 1 , f 1 , u 2 , f 2 ), as a function of the applied load. We see that the leading motor domain has a different geometry than the trailing motor domain, indicating that the ADP release rate is different. The trailing head releases ADP faster and therefore the dimer processes forward.
The elastic model also allows us to explicitly compute the forces transmitted between the motor domains. These results can be used in conjunction with the measurement of forcedependent kinetic in single monomers. Since the conformations of the motor domain is defined by (u i , f i ), transmitted stress is also a torque. For instance, the torque in the u 1 direction is computed by
where the derivative is taken at the dimer equilibrium conformation. The forces acting on the motor domain can also be computed by taking the derivative of the energy with respect to the motor domain position. For myosin-VI, since the IQ motifs are stiffer than the proximal tail, the torque is ;t u 1 % fðjr 6 ÿ r 2 jÞ3 r 2 , where the magnitude of the extension force jfj is given by Eq. 18. Our model predicts that the leading head and trailing head experience dramatically different forces and torques, especially when their separation is large. For example, jfj for the leading and trailing heads is ;5 pN at zero load force and z ¼ 30 nm. However, as the load force increases to 2 pN, the force on the trailing head decreases to ;3 pN while the force on the leading head remains essentially constant. These different forces and torques ultimately lead to very different kinetics. Force-velocity relations and dwell times . Under low force (,1.0 pN), stepping velocity is not sensitive to the applied force, and is within the reasonable range of 400 nm/s ; 500 nm/s. Between ;1.0 pN and 1.5 pN, velocity drops dramatically to ;100 nm/s. And for forces .1.5 pN, velocity slowly approaches to zero. The stall force from our model is ;2.5 pN. Beyond the stall force, there is a small negative velocity until ;3 pN. The behavior of the force-velocity curve can be rationalized by examining the rate-limiting steps. Under low load force, the rate-limiting step is the trailing head ADP release ;15 s ÿ1 . As the force increases beyond 1.0 pN, F-actin binding rate becomes comparable with ADP release, and both contribute to decreasing velocity. When the load force is .1.5 pN, F-actin binding becomes rate-limiting and the movement slows and stalls. Here, backward binding is equally probable as well.
The force-velocity curve for myosin-VI has a different behavior. While the maximum velocity at zero load force is comparable to myosin-V, our model predicts that under certain nucleotide conditions (ADP added), the velocity decreases with increasing load, with no plateau regions. The predicted stall force is, however, quite high, near 2.2 pN. The lack of a plateau region is explained by the competition between ADP rebinding and ATP binding at the A.M.E state (13) . ADP rebinding rate is affected by the load and becomes comparable to ATP binding rate. This slows down the motor. Stall is reached when binding to actin becomes rate-limiting.
From the stochastic trajectories, it is possible to obtain the statistics of dwell times between steps. Indeed, the force velocity relation is approximately the average step size divided by the average dwell time. Note that dwell times between steps is not equivalent to dwell times between states since the motor can be in several states before stepping. Dwell times of myosin-VI have been measured. Our model results are shown in comparison with the experiments in Fig. 6 . The experimental result shows a sharp change in the dwell time at high [ATP], high load force, and no [ADP] . The model result shows a much slower change. The explanation of this result has to rely on a more sophisticated model of the light-chain elastic energy. The WLC model can only be an approximation to the actual mechanical behavior of the proximal tail. WLC also assumes that the contour length is infinite when compared to the persistence length, and gives zero extension at no load force. This is clearly unrealistic. At higher [ADP] concentrations, due to competition between ADP rebinding and ATP binding, the velocity becomes a smoother function of the load force. This is also consistent with the force-velocity curve.
Step-size distributions Our model, combined with a kinetic Monte Carlo scheme, allows us to compute trajectories of dimer stepping. The computational procedure gives continuous time results whereas most experimental apparatus has a finite time resolution of ;10 ÿ3 -10 ÿ6 s. Therefore, we perform some averaging with an interval of dt ¼ 10 ÿ5 s (windowing). If both motor domains are bound to F-actin for .dt ¼ 10 ms, we define the difference between neighboring average positions as the step size. Fig. 7 shows the distributions for myosin-VI.
Step-size distributions of myosin V are essentially unchanged from our earlier model. There is a large peak at 36 nm for all load forces. This is a consequence of Fig. 3 . Backward steps and substeps are also seen. The relative probability of these steps would be functions of the load force. The substeps have been explained before. Our current model is consistent with the earlier predictions.
For myosin-VI, broader step-size distributions are observed. Under low load forces, the peak in the distribution is at ;31 nm. Increasing the force decreases the step size and for force .1.5 pN, the peak step size becomes 26 nm. A smaller peak at ;0-10 nm is also visible in the distribution. The distribution is also broader. Since the free energy differences between the sites are not large, the leading head could attach and detach from unfavorable sites many times before it finally finds a more favorable binding site. The relative energy of Fig. 3 determines the width of the step-size distribution in Fig. 7 . Repeated attachment and detachment in the presence of ATP was suggested by de la Cruz et al. (47) . The backward steps of myosin-VI only occurs at ;5ÿ10 nm. At higher load forces, the peak at ;0ÿ10 nm is due to favorable binding energy to those sites. In experiments, depending on the spatial resolution of the apparatus, binding to these sites is difficult to observe. Here, steps due to these binding events are marked with gray bars.
Larger steps (.50 nm) are observed for both motors. These only arise after windowing with a time interval dt. Rapid successive steps appear as a single step if there is finite time resolution.
DISCUSSION AND CONCLUSIONS
We have developed a unified mechanochemical model to explain the processivity of dimeric myosin motors. The helical structure of F-actin and the mechanical properties of the light-chain domains are crucial for regulating processivity. In myosin-V, the light-chain domains are relatively stiff, resulting in regular steps of 36 nm. When load forces are applied, the regular step size does not change. In myosin-VI, the light-chain domains, which contain a soft proximal tail region, are floppy and act as entropic springs. The amount of extension between the IQ motifs determines the stepping behavior. Experimentally measured rate constants are used to parameterize the model. Postulates of how the rate constants depend on the motor conformation are made.
Stall force is a key measurable for motor proteins, and our model provides an explanation for the observed stall force. Ultimately, two factors are important. First, DE of Eq. 4 controls the probability of binding to the available sites. When a load force is applied, the backward step eventually becomes as probable as the forward step and the motor stalls. Second, with increasing load force, DE also rises, implying that the absolute rate of binding to F-actin also slows. Indeed, DE can be interpreted as the transition state energy of binding to F-actin and eventually, the barrier becomes prohibitively high for binding. From an efficiency standpoint, the second factor does not waste ATP near stall where the first factor leads to futile hydrolysis of ATP. Our model shows that the second factor is probably dominant for myosin-V and VI near stall.
We note that the mechanical model introduced here is simple and only approximates the complex protein elasticity, although the model appears to capture most of the experimental observations. According to the model, in addition to the favorable binding sites at 36 nm and 30 nm, sites at 65 nm and 610 nm are also probable (Fig. 3) . While there is no concrete experimental evidence in favor of this observation, the resolution of experiments is such that ruling out these small steps is difficult. We note that our model lacks contributions from the excluded volume interaction between the light chains. These interactions will raise the energy of 65 nm and 610 nm sites and render them less probable. Another possibility is that binding to F-actin alters the structure of actin at 65 nm and 610 nm sites, and thus the second head cannot bind to these sites. At present, our model cannot rule out stepping to those sites (our earlier treatment used a more approximate treatment of outof-plane bending and did not predict binding to 65 nm and 610 nm sites) and further investigation of this issue is interesting.
Other models on dimeric motors are mostly based on some proposed kinetic schemes. These models assume distinct configurations, corresponding to a unique combination of chemical state and conformation on the energy landscape. Transition rates between configurations are typically postulated. In our model, each chemical state can have a continuum of conformations, characterized by variables (u 1 , f 1 , u 2 , f 2 ). The energy landscape is constructed using simple elastic models. The transition rates between chemical states also depend on conformation which reflects experimental observation. As such, the kinetic models can be considered as subsets of models such as ours. We note that the number of parameters in our model is not necessarily larger than other models, but different biophysical measurements such as bending elasticity of protein subunits are needed to establish the parameters.
The basic model framework introduced here is equally applicable to other dimeric processive motors such as kinesin and dynein, although for these systems, the details of the model are likely to be more complex. Kinesin and dynein are microtubule motors, implying that the number of accessible sites for the free head is potentially much larger than that of myosin-V and VI. Single-molecule experiments show that kinesin seems to process on a single protofilament (48) . From our model, we see that the preferred binding site is ultimately related to the elasticity of the connection between motor domains. In kinesin, the mechanical properties of the neck-linker are likely to be complex. In dynein, the connection between the microtubule binding domains containing the hexameric AAA domain is bulky (49) . The interaction between the AAA domains is significant. Phenomenological models of dynein have shown that the step size depends on load force (50, 51) . The full explanation of dimeric processive motor proteins will depend on further understandings of the elasticity of protein domains.
APPENDIX A: SUMMARY OF PARAMETERS
The numerical values of the parameters used in specifying the dimer energy is given in Tables 1-3 . In this model, k and k9, u 0 (s i ), l pi , and a are estimated to explain the experimental data. Other parameters in Table 1 are not fitted. Table 4 shows the monomer equilibrium reaction rate constants, k 0 si/s9 i . These values are taken from kinetic data of de la Cruz et al. (36, 38) . Note for A.M.E / M.DP, the rate is limited by ATP binding in myosin-VI, but for myosin-V, this rate is limited by A.M.T* / A.M.T. We have used the reaction rate from the limiting steps since most reported data are for saturating [ATP] . This also implies that for myosin-V, this step is not sensitive to the motor conformation.
Several constants, e.g., 
APPENDIX B: COMPUTATION OF LIGHT-CHAIN ENERGY IN MYOSIN-V AND MYOSIN-VI
From the geometry of F-actin binding sites, the positions of the protofilaments can be written as two helices. This implies that for each binding site on each protofilament, we can write the approximate position of the converter domain (joint between motor domain and light-chain domain) of a bound motor domain as
where u 1, n and u 2, n are the positions of bound myosin on site n of protofilament 1 and 2, respectively. R is the radius of F-actin and l m is the approximate length of the myosin motor domain. P ¼ 72 nm is the helical pitch of F-actin and Dz ¼ 72/13 % 5.5 nm is the size of actin monomer. The value u i, n defines the initial position of the light-chain domain and (u i , f i ) defines its orientation. The total energy of the bound dimer is described in the main text. To find the equilibrium (u i , f i ), two methodologies are used: Method One assumes that the light-chain domains and the proximal tail region are in mechanical equilibrium; with this assumption, the equilibrium conformation of the dimer can be obtained by force balance, or minimizing the overall energy. Method Two makes no assumptions. A Monte Carlo simulation is carried out for (u 1 , f 1 , u 2 , f 2 ) and all the degrees of freedom of the light-chain domain. From this simulation, the most probable conformation is called the equilibrium conformation. The energy of the dimer is given by umbrella sampling of the free energy as a function of interhead separation. These methods yield essentially the same results. The results shown here are obtained from Method One.
APPENDIX C: SOLUTION OF THE MODEL
Given the total dimer energy equation (Eq. 1), and the transition rates between the states, the dynamics of the dimer can be computed using a Fokker-Planck equation. This was carried out in our previous model of myosin-V. However, conformational relaxation is much faster than transitions between the chemical states. Under these conditions, the FokkerPlanck equation can be simplified to a kinetic master equation. Therefore, we simplify the description and define states on the energy surface using s i and the equilibrium conformations (u i , f i ). For given chemical states (s 1 , s 2 ), interhead distance z (z ¼ 0 for single head-bound state), and the load force F, the equilibrium configuration is uniquely defined. A kinetic master equation of the form dP dt ¼ K Á P;
where P(t) is the vector whose i th element is the probability of being in the i th state. There is a one-to-one mapping between i and (s 1 , s 2 ) and the conformation (u 1 , f 1 , u 2 , f 2 , z, F). The matrix of transition rates, K, are defined by the rate constants specified in the main text, and depend on the dimer equilibrium conformation. The monomer equilibrium rates used to parameterize the model are summarized in Table 2 . Since for the i th state, the equilibrium conformation of the dimer is known and the total energy is known, this unambiguously defines K. The total number of elements of P is .4 3 4 ¼ 16. If ;13 possible binding sites are included, the number of elements is 13 3 3 3 3 1 2 3 3.
The steady-state velocity of the motor dimer can be computed by setting the left-hand side of Eq. C1 to zero. Alternatively, a stochastic trajectory can be generated starting from Eq. C1. The algorithm is based on the method of The value c(s i ) is unavailable for M.DP. We have used the same value as myosin-V. Several rate constants for myosin-VI are unavailable; in these cases, myosin-V values are used as estimates.
Bortz et al. (52) , and was described earlier. Many trajectories are computed to obtain the average speed, step-size distributions, and dwell times.
